The economic feasibility of a fusion reactor can be measured in terms of β ≡ p/ B 2 /2µ 0 , where p is the plasma pressure and B 2 /2µ 0 is the magnetic field energy density. The presence of magnetohydrodynamic (MHD) instabilities can distort the orbits of fast ions and electrons compared to the equilibrium, causing an off-axis redistribution of the fusion heating and current density to the detriment of the central β, reducing the fusion power and the production of fast neutrons for tritium breeding. Therefore, understanding the stability and behavior of 3D helical modes in the core of an axisymmetric toroidal configuration remains one of the challenges of fusion research [1] [2] [3] [4] [5] [6] . It is doubly significant for burning plasmas such as ITER, where the q = 1 radius that bounds these instabilities may reach half the minor radius.
A helical internal kink-like mode [7] [8] [9] with dominant poloidal and toroidal mode numbers m = 1, n = 1 has recently been observed in the Alcator C-Mod tokamak 10 , during the development of advanced fusion scenarios using lower hybrid current drive (LHCD) [11] [12] [13] . During LHCD operation, soft x-ray (SXR) detectors measure periodic bursts of oscillations as shown in Fig. 1 . These have a (1,1) structure characterized by a small helical, internal-kink-like region of enhanced plasma density and temperature that is radially concentrated on or inside the q = 1 surface and rotates toroidally with the plasma.
The (1,1) internal-kink (IK) bursts are distinct from the sawtooth instability. In Figure 1 -a) the instability occurs once during the sawtooth ramp and disappears before the subsequent sawtooth crash. In Figure 1 -b) sawteeth are absent and the fishbone-like mode appears as a successive train of bursts. The growth and amplitude are nearly identical in both cases; however, the amplitude of the off-axis re-distribution is different from that of the sawtooth crash (SC). Growth and damping of the mode occur over approximately 1 ms intervals, similar to the growth time of the sawtooth precursor and much longer than the 20-40 µs of the sawtooth crash. On occasions, the mode can coalesce with the precursor oscillations in a "hybrid" crash with larger amplitude as depicted in the spectrogram shown in Fig. 2-a) . The integrated power spectrum shows symmetrical, smooth gaussianshaped growth and damping of the mode compared to the sharper sawtooth crash, and the wider double pulse representing the hybrid crash [see Fig. 2-b) ]; in this case, the sawtooth precursor appears to grow from the oscillations remaining from an incompletely damped mode. The three modes have distinct amplitudes, but nearly identical frequencies; small differences may arise from sawtooth recovery as observed in the interaction between sawteeth and long-lived (1,1) modes 4, 5 . They propagate toroidally in the counter-current or the electron diamag- . However, at the high densities of these discharges, 700 kW of LH power with a parallel refractive index n ||,LHCD −1.6 drove a smaller reduction in the loop voltage, ∆V loop −0.3 V below the typical C-Mod ohmic V loop ∼ 1 V. The current density on axis typically reached 14 MA/m 2 with q 0 0.9; the broad LHCD current and power deposition profiles extended well outside q = 1.
The 3D mode structure and its effects on the back- ground plasma were measured using a suite of spectroscopic imaging diagnostics 5 . These instruments were also used to infer the mode harmonic numbers, since the magnetic measurements at the wall were insensitive to interior modes 5 . The spatial time history of the tomographically reconstructed SXR emissivity for a typical kink-like burst from Fig. 1-b) is shown in Fig. 3-a) . At the magnetic axis, the background emissivity in the plasma center builds nearly to a peak before the mode onset (see top black and blue traces at ∆R = +1 and 2 cm from the plasma core). In contrast, at ∆R = 4-5 cm the background emissivity falls steadily before the mode onset, then during the mode rises by 10% while the core background emissivity decreases by 20%. There is no signal inversion with radius that might correspond to a "crash" of the central core. 2D reconstructions of the SXR emissivity profiles depicted in Fig. 3-b) shows that the mode forms and then grows like a small amplitude (1, 1) kink with a nearly circular cross section. Its radial profile has the characteristic Bessel function form of the cylindrical or lowest order toroidal 1/1 kink eigenfunction 16 . A complete description of the SXR tomographic capability has been published elsewhere (see 5 and references therein). Combining this functional form with data from the tenchord two-color interferometer (TCI 17 ) we infer an internal kink-like electron density perturbation as large as δn e0 /n e0 4% (see Fig. 4 ). The TCI data also sug- gests that the mode grows smoothly, saturates, and decays, without any reconnection event. The position of the q = 1 surface indicated in Figs. 3 and 4 was obtained from an MSE-constrained EFIT reconstruction. For the first time, experimental measurements demonstrate a direct dynamic relation between LHCD generated fast electrons and a fishbone-like mode. A time history of the central electron temperature inferred by the slow electron cyclotron emission (ECE) grating polychromator (GPC) 18 shows that the mode growth begins at the maximum of the inferred core T e , which falls to a minimum by the disappearance of the mode [see dotted lines in Fig. 5-a) ]. During this sawtooth stabilized scenario the amplitude of the kink-like mode is practically constant with a frequency near that of the plasma toroidal rotation. The high resolution, fast-time-response FRC-ECE radiometer 19 provides additional evidence that fast electrons are connected to the mode onset and evolution, as deduced from Fig. 5-b) . Radiation at the second harmonic of the electron cyclotron frequency produced by fast electrons in the central region was detected in a radial channel on the low-field edge nearly 20 cm away from the magnetic axis and only while the mode is active. This apparent mismatch is due to the strong downshift of electron cyclotron frequency by relativistic effects, Ω ce,rel = eB/γm e where γ e ≡ (1 − (v e /c) 2 )
is the Lorentz factor 13, [20] [21] [22] [23] . Electron cyclotron waves emitted in the core at these frequencies can travel to the outboard plasma edge without being re-absorbed by the thermal electrons. Assuming a 1/R dependence for the toroidal magnetic field, the relativistic factor is found to be γ e =1.21-1.28, corresponding to electron energies E e = 108-144 keV. The calculated energies, mainly from circulating electrons, fall within the range of peak energies expected for LHCD.
The mode appears to be a fishbone-like, (1,1) internal- kink disturbance that smoothly grows, saturates, and decays, without any sign of a "crash" or reconnection event. The instability oscillates predominantly near the frequency of bulk plasma rotation and without chirping. Observed only during LHCD, it appears to be driven by a build-up of LH-generated fast electrons over q < 1 and to saturate as they are lost. We argue that this behavior is consistent with an internal kink destabilized by the suprathermal fast-electron pressure (β hot e ). An estimate for the central fast electron pressure, based on the change in the loop-voltage, the central current density, an approximate density of fast electrons, and an average electron energy for parallel velocities between 3v th,e and v ,max = c/n , yields p 2.5% at the magnetic axis, when numerically integrated from 3v th,e to 2.5 MeV, and 2.8% at the q = 1 surface. This is comparable to the drop in the thermal electron pressure due to the mode, ∆p th e0 /p th e0 2.75%, derived from before and after measurements of the central radiated power density and ECE T e . Increases in the central β between 2.5 and 4% are theoretically sufficient to destabilize a marginally stable internal kink mode, but are smaller than the typical change over a sawtooth in agreement with the observations. The C-Mod modes resemble some "electron fishbone" and hybrid "sawbone" (1,1) modes observed with electron cyclotron resonance heating (ECRH) and LHCD in DIII-D 36 . A number of wave-particle resonant interactions 33,37-42 have been proposed theoretically to explain the mode destabilization in experiments with low-density plasmas (n e ∼ 0.5 − 0.8 × 10 19 m −3 ). In some cases, the wave-particle resonance is clear, as for ECRH or ECCD applied on the high field side 26 . In others, parallel or perpendicular resonance was assumed within the framework of existing resonant electron fishbone theory, but its identification remained inconclusive due to the lack of sufficiently precise local measurements. In many cases, the Doppler shift correction to the mode frequency was neglected due to the lack of core toroidal rotation profiles. An appropriate Doppler shift correction of the mode frequency is done in Alcator CMod using the plasma toroidal rotation inferred from an x-ray imaging crystal spectrometer 14, 15 . Most cases also lacked good measurements of fast-electron dynamics. Estimates of the assumed resonant electron energy and the precession drift frequency are often inferred from changes of the hard x-ray spectrum; however, measured profiles of x-ray emission for specific photon energies are not representative of the actual anisotropic emission distribution, or of the electron distribution function of commensurate energy 23 .
Resonant electron fishbone theories postulate a resonance with the toroidal precession drift of the fast trapped and/or barely circulating electrons 39, 40 . This can be ruled out for C-Mod LH fishbones at relatively high collisionality; in fact, Alcator C-Mod operates at ITER-like core densities of 1.4 − 1.6 × 10 20 m −3 in which a non-resonant destabilization can be expected. The LHdriven parallel velocity is distributed into the perpendicular direction by collisions, but the rapid de-trapping rate means that very few trapped electrons exist 11 . Thus only circulating electrons contribute to resonance. In C-Mod, however, the barely circulating electrons are a small fraction of the total number of fast electrons, 10-15% based on the GENRAY/CQL3D distribution 9 . This still overestimates the possible resonant contribution since rapid detrapping also implies significant collisional disruption of the circulating orbits and their precession drift. Thus the total resonant drive is a small fraction of the fast electron beta and is unlikely to be able to destabilize the mode. The situation is quite different for the less collisonal cases of high power LH at lower density, as in FTU, or the typically very low density ECH or ECCD fishbones for which the resonant parallel electron theories were proposed. Direct parallel resonances similar to ion parallel fishbones 43 are also unlikely. The LH parallel electron velocities are distributed over a wide range in velocity space, 3-10v th,e (12 < E < 500 keV), so that there are relatively few particles at any given resonant velocity. In contrast, ion parallel fishbones 43 in parallel-NBI heated plasmas have a concentrated high power source of fast parallel ions at the beam energy.
Two main possibilities then exist for mode saturation. The non-axisymmetric kink may actively expel fast electrons from q < 1 faster than their creation. Unlike ion and most ECRH electron fishbones with large gyro-or trapped-particle orbits, there is no obvious mechanism for strong perpendicular expulsion of fast particles without a core "crash", which is not observed. Electron gyroradii are very small (∼ 1 mm) and almost no trapped particles exist, so fast electrons remain strongly tied to the magnetic field lines. Alternatively, the kink nonaxisymmetry could alter the LH wave propagation to exclude power and current drive deposition from the kink region. This scenario is consistent with experimental observations of reduced LHCD efficiency when 3D helical modes appear in the core of tokamak plasmas. The loss time for LH fast electrons near the plasma center due to radial diffusion and other processes is 1-2 ms, similar to the mode growth and decay times. Since the total absorbed LH power remains fairly constant, extra power should be deposited outside q < 1, which is consistent with the observed changes in the background SXR and temperature 9 . However, kink effects on the LH power deposition have not been studied theoretically, since numerical calculations in realistic configurations have so far assumed toroidal axisymmetry.
In summary, a fishbone-like instability with a (1, 1) internal kink-like structure rotating at the background plasma toroidal rotation frequency is observed in highdensity scenarios on Alcator C-Mod with LHCD. For the first time, measurements at high spatial and temporal resolution directly connect changes in the fast LHgenerated electrons to the mode. Suprathermal electron energies are measured directly using the downshift of electron gyrofrequency due to relativistic effects, and correlate with the mode. The results suggest that the fishbone-like mode is a marginally stable internal kink that is destabilized by the non-resonant suprathermal electron pressure contribution to the central β thus offering an alternative explanation for the mode-onset and evolution for cases where the wave-particle resonances of traditional electron fishbones are weak. The independence of the fast-electron pressure from the thermal pressure that drives the conventional internal kink also explains its varied co-existence with the sawtooth crash and precursor oscillations. This work was performed under US DoE contracts including DE-FC02-99ER54512 and DE-SC0007883 at MIT and DE-AC02-09CH11466 at PPPL
